Abstract Data for the historical years 1970 and 1995 and the FAO-Agriculture Towards 2030 projection are used to calculate N inputs (N fertilizer, animal manure, biological N fixation and atmospheric deposition) and the N export from the field in harvested crops and grass and grass consumption by grazing animals. In most industrialized countries we see a gradual increase of the overall N recovery of the intensive agricultural production systems over the whole 1970-2030 period. In contrast, low N input systems in many developing countries sustained low crop yields for many years but at the cost of soil fertility by depleting soil nutrient pools. In most developing countries the N recovery will increase in the coming decades by increasing efficiencies of N use in both crop and livestock production systems. The surface balance surplus of N is lost from the agricultural system via different pathways, including NH 3 volatilization, denitrification, N 2 O and NO emissions, and nitrate leaching from the root zone. Global NH 3 -N emissions from fertilizer and animal manure application and stored manure increased from 18 to 34 Tg·yr 
Agricultural production systems have been identified as the major cause of increased reactive nitrogen (N) emissions to the atmosphere [1] [2] [3] and groundwater and surface water systems [4] . Anthropogenic N fixation occurs in N fertilizer and energy production and cultivation of leguminous crops in agricultural systems with a total human-induced global N fixation of about 150 Tg·yr −1 [5] . Estimates for natural biological N fixation in oceans and terrestrial ecosystems and N fixation by lightning are uncertain, but human activities may have doubled the natural rate of N fixation [5] .
Projections indicate that the world population may increase from about 6 now to 8.2 to 9.3 billion inhabitants in 2030 [6] . Food production will have to increase to meet the increasing demand for the growing population, while with increasing prosperity and falling production costs dietary patterns may shift towards a higher share of meat and milk. This will inevitably lead to a fast increase in fertilizer use in arable land and grassland, animal manure production in livestock production systems, N fixation by leguminous crops, and atmospheric N deposition.
Since at the global scale the N in harvested parts of crops is roughly 50% of the fertilizer N applied [7] , there are major losses of the applied N to the environment, representing important economic losses to farmers. The N is lost from the soil-plant system by denitrification in the form of dinitrogen (N 2 ), nitrous oxide (N 2 O) and nitric oxide (NO), ammonia (NH 3 .
Ammonia is an important atmospheric pollutant with a wide variety of impacts. In the atmosphere NH 3 neutralizes a great portion of the acids produced by oxides of sulfur and nitrogen. Essentially all emitted NH 3 is returned to the surface by deposition, which is known to be one of the causes of soil acidification since the early 1980s [9] . There is growing concern about the eutrophication of natural ecosystems and loss of biodiversity due to increasing N deposition [10] . phication. N 2 O is one of the so-called greenhouse gases, constituting 6% of the anthropogenic greenhouse effect, and also contributes to the depletion of stratospheric ozone [11] . NO is an important player in atmospheric chemistry for its role in regulation of the oxidant balance of the atmosphere. Re-deposited NO x contributes to soil acidification and eutro Increased concentrations of nitrate have been observed in groundwater in many (primarily agricultural) regions and high levels of nitrate in drinking water have given cause for concern in some industrialized regions, e.g. Western Europe. Nitrogen concentrations in many rivers have also increased over time [12, 13] . In Europe eutrophication of lakes has been a problem since the beginning of the 19th century. The problem has advanced in all densely populated countries, particularly after World War II, and is affecting lakes, reservoirs, estuaries and coastal seas [14] .
The aim of this paper is to portray the reactive N emissions from global intensive agricultural systems for the period 1970-2030. We use an inventory [15] of the N surface balance input and output terms for intensive agricultural systems for all countries of the world as a basis for estimating the emissions of reactive N. We excluded the extensively used pastoral grasslands, which are discussed in a separate paper [16] . The data for the year 2030 were taken from the projection "World Agriculture: Towards 2030" presented by the Food and Agriculture Organization of the United Nations (FAO) [17] .
Methods and data used
We use an annual N surface balance approach [15] with N inputs and outputs spatially distributed with a global 0.5 by 0.5 degree resolution (Fig. 1) . N inputs comprise application of N fertilizers (N fert ), application of animal manure and animal manure N excreted during grazing (N man ), biological N fixation (N fix ), and atmospheric N deposition (N dep ). Outputs in the surface N balance include N export (N exp ) from the field by crop harvesting, cutting of hay and grass and grass consumption by grazing animals. The difference between total inputs and N exp is the surface N balance surplus (N sur ), which is subject to NH 3 volatilization (N vol ), denitrification (N den ) or leaching (N lea ). The surface N balancing is a steady state approach, not taking into account change of N in soil organic matter:
whereby the potential loss to groundwater and surface water N pot is calculated as the difference between N sur and N vol :
Denitrification, the reduction of nitrate to N 2 , N 2 O and NO, in soil is calculated as a fraction f den (0-1) of N pot with an empirical model that combines the effect of temperature, crop type and soil and hydrological conditions [4] :
Leaching is the loss of nitrate in percolating water from the root zone to the subsoil where it is no longer available to plant roots. Nitrate leaching from the rooting zone is calculated as follows:
Since we do not take changes in soil organic matter into account, our surface balance surplus may be overestimated in high-input systems with soil organic matter accumulation. Soil organic matter loss is also ignored, which is particularly important in countries with low-input production systems. Calculations are done for each of the grid cells in the 0.5 by 0.5 degree land mask and for the years 1970, 1995 and 2030. Since we are interested in global trends, the results are aggregated to the scale of world regions. It should be noted that much of the detail is lost by aggregation. The variation between the aggregated world regions is much smaller than the variation between individual grid cells or even individual countries.
Each agricultural grid cell consists of fractions of grassland, wetland rice, leguminous crops (pulses, soybeans) and other upland crops (Fig. 1) . These grid cell distributions [18] were obtained with the Integrated
Model to Assess the Global Environment (IMAGE) [19] on the basis of agricultural production data for 1970-1995 [20] and 2030 [17] .
Within the areas of grassland, semi-natural, pastoral and mixed/landless livestock production systems are distinguished [15] . Here, we focus on intensive agricultural production systems and therefore exclude the semi-natural and pastoral grasslands. The spatial distributions of land cover are used to allocate N fertilizer and animal manure application rates, animal manure N excretion in pastoral grazing land and grassland in mixed systems, and biological N fixation as described elsewhere [15] . Here we give a brief description.
For each agricultural land use class (grassland, wetland rice, leguminous crops and other upland crops) we use country data on N fertilizer application rates by crop for the mid-1990s from IFA/FAO/IFDC [3] . For the year 1970 the application rates are corrected for the change in crop yield obtained from FAO [20] ignoring changes in efficiency of N uptake by crops. For 2030 fertilizer inputs are assumed to increase more slowly than the crop yield increase to achieve consistency with the N fertilizer use efficiency assumed in the projection [17] .
Animal manure production is based on N excretion rates for dairy and nondairy cattle, buffaloes, sheep, goats, pigs, poultry, horses, asses, mules and camels [21] . Different animal waste management systems are distinguished, and the animal manure N is distributed spatially over arable land and grassland. For EU countries with high animal manure inputs, maximum application rates for 2030 of 170-230 kg N·ha Biological N fixation by pulses and soybeans is calculated from crop production data [20] and N content [15] , assuming that N fixation in biomass during the growing season of pulses and soybeans is twice the N in the harvested product to account for all above and below-ground plant parts [2] . Non-symbiotic biological N fixation is 5 kg·ha −1 ·yr −1 for non-leguminous crops and grassland and 25 kg·ha
·yr −1 for wetland rice [22] . Atmospheric N deposition rates for 1970 and 2030 are obtained by scaling the deposition fields for the mid-1990s from the STOCHEM chemistry transport model [10, 23] using emission inventories for N gases for the corresponding years [24] .
Crop N export is estimated on the basis of historical crop production data [20] and the projection for 2030 [17] for 34 different crop groups and for fodder crops [25] . Grass-N consumption is assumed to be 60% of all N inputs (manure, fertilizer, deposition, N fixation) [15] .
The data on N fertilizer and animal manure inputs [15] are used to calculate emissions from agricultural fields of NH 3 , N 2 O and NO for each 0.5 by 0.5 degree grid cell and for the years 1970, 1995 and 2030. Volatilization of NH 3 from manure storage and manure excreted during grazing is based on emission factors [1] . For NH 3 volatilization and N 2 O and NO direct emissions from fertilizer and animal manure application we use residual maximum likelihood (REML) models. REML is a statistical approach which is particularly appropriate for analyzing unbalanced data sets with missing data.
The REML model for NH 3 is based on a data set of about 1700 measurements [26] . The REML model for NH 3 emissions includes (i) factors related to agricultural management, including crop type, fertilizer type, and fertilizer application technique (broadcasting, incorporation, injection, solution), and (ii) factors related to environmental conditions (climate, soil pH, and CEC).
The REML model for N 2 O is based on 846 series of measurements in agricultural fields and that for NO on 99 measurements [27] . The calculations slightly differ from the original results because here we used updates for the spatial datasets for soil organic carbon content, soil drainage, and soil pH. For N 2 O the model is based on: (i) environmental factors (climate, soil organic C content, soil texture, drainage and soil pH); (ii) management-related factors (N application rate per fertilizer type, type of crop, with major differences between grass, legumes and other annual crops); (iii) factors related to the measurements (length of measurement period and frequency of measurements). The factors used for calculating NO emissions include the N application rate per fertilizer type, soil organic-C content and soil drainage.
The advantage of these N 2 O and NO models is that they compute total emissions instead of the methods for calculating the anthropogenic fertilizer-induced emissions of N 2 O (as proposed by IPCC [28] ) and NO [29] . In addition, since they are based on a larger data set, the uncertainty is much smaller than in esti-mates for the fertilizer-induced emission of IPCC [28] and Veldkamp [29] . Apart from increasing N use efficiency, in the calculations of emissions of NH 3 , N 2 O and NO we did not account for changes in management aimed at reducing emissions.
Results and discussion

N inputs
Intensification of agricultural production has been fast in many world regions in the past decades, and according to the projection used this development will continue at a somewhat slower rate in the coming three decades. The N fertilizer use for the period 1970-1995 and the projection for 2030 shows a fast growth in most, particularly developing, regions (Fig.  2 ).
There are large differences between countries dominated by irrigated agriculture with more than one crop per year (South Asia, East Asia) and temperate countries with primarily rainfed systems with one crop per year (e.g. Western Europe). Fertilizer N application rates are low in most of Africa and Latin America. The N fertilizer use in the former USSR and Eastern Europe has sharply dropped since 1990 from much higher levels in the mid-1980s ( Fig. 2 ; Table 1 ).
Current N inputs of animal manure vary considerably between world regions, and are highest in Western Europe and East Asia and much lower in world regions dominated by crop production systems and with less intensive livestock production. Inputs from animal manure will grow in all world regions in the coming three decades, except for Western Europe (Fig. 2) . Within the latter region EU regulations exist to limit animal manure N inputs, and this will have consequences in some countries with current high inputs, such as The Netherlands and Denmark. The N surface balances indicate that atmospheric N deposition is generally highest in world regions with intensive livestock production.
The global N inputs from fertilizers and animal manure in intensive agricultural systems have almost doubled between 1970 and 1995 from about 74 Tg·yr −1 to 138 Tg·yr −1 (Table 1) . Animal manure N , animal manure N being 65 Tg·yr −1 (37%) and N fertilizer 110 Tg·yr −1 (63%).
The current N input from biological N fixation varies from one region to another, with high values in North America and Latin America, Sub-Saharan Africa and Southeast Asia, where soybean and other leguminous crops are more important than in other regions (Fig. 2) . Inputs from N fixation will continue to grow in all world regions in the coming three decades, with the strongest increase in North and South America and Sub-Saharan Africa (Fig. 2) . This development is primarily related to the increasing global demand for soybeans as an animal feed resource.
Losses of reactive N
Ammonia volatilization from fertilizer and manure application and grazing (excluding NH 3 loss from animal housing, feedlots, other storage and collection systems) ranges from values of about 8%-9% of total inputs in temperate regions to 12%-21% in tropical regions. Differences are related to climate, type of crop, mix of fertilizers, and the importance of animal manure spreading. Firstly, ammonia volatilization rates are higher under warm than under cold conditions. Secondly, the importance of wetland rice cultivation and the widespread use of urea in Asia lead to high NH 3 volatilization losses of >20% of the fertilizer N inputs (Table 2) . Thirdly, NH 3 volatilization associated with animal manure application is of the order of 20%-30% of the N applied.
Global NH 3 volatilization from animal housing, fertilizer and animal manure application and grazing increased from 18 Table 2 ). The contribution of industrialized countries to the global NH 3 emission decreased from 33% to 22% in the 1970-1995 period, with a further decrease to 18% in 2030.
Mean regional nitrate leaching losses for 1995 vary from low values in dry climates (e.g. South Asia, 10% of total N inputs) to close to 20% in more humid, temperate climates (e.g. Western Europe, 22%) ( Table  2 ). World regions dominated by warm and wet climates (Asian regions) also show relatively low leaching rates (<16% of total N inputs) due to high denitrification losses (for example 24% in East Asia). There are decreasing trends in both denitrification and leaching rates between 1970 and 2030 in North America and Western Europe (Table 2) as a result of growing recovery rates, and in all world regions between 1995 and 2030 [15] . However, the total denitrification and leaching losses show increases over the whole 1970-2030 period, except for Western Europe (see . This is related to the declining total N inputs in intensive agricultural systems, primarily caused by the EU policies regarding maximum animal manure application rates per hectare.
Unfortunately the emission estimates for total direct N 2 O emissions from agricultural fields in Table 2 Note: Based on models for NH 3 volatilization [26] and direct N 2 O and NO emissions [27] from animal manure and N fertilizer application [15] , and emission factors for NH 3 volatilization for anmal manure storage and grazing systems [1] . a) Tensive agricultural systems include total arable land and grassland in mixed/industrial livestock production systems; pastoral systems are excluded. b) Austria, Belgium, Denmark, Finland, France, Germany, Gibraltar, Greece, Iceland, Ireland, Italy, Luxembourg, Netherlands, Norway, Portugal, Spain, Sweden, Switzerland, and United Kingdom. cannot be compared with estimates based on the IPCC default methodology for national greenhouse gas inventories [2] . This methodology was developed to compute fertilizer-induced emissions, i.e. the emission of a fertilized plot minus that of the control plot with zero fertilizer application. However, the fertilizer-induced N 2 O emission calculated with the REML model for synthetic fertilizers is 22% and that for animal manure is 38% lower than the IPCC default estimate based on an emission factors of 1.25% of the N input [27] .
Our estimate for the global NO-N emission from agricultural fields (1.5 Tg·yr −1 ) is lower than the 5 Tg·yr −1 according to a recent inventory based on agricultural areas and emission factors for temperate and tropical climates [30] , while the estimate for the fertilizer-induced emission (0.7% of the N application) [27] is 40% higher than a recent estimate of 0.5% [29] . Since the REML models are based on a much larger data set of measurements, the uncertainty of the estimates is much smaller than that of the earlier inventories for N 2 O [2] and NO [29, 30] .
The total N loss for the different world regions shows contrasting developments. In some world regions (for example, North America and Western Europe) we see a gradual decrease of total N loss as a result of increasing N recovery of the total intensive agricultural system (Fig. 5) This is related to different developments that simulataneously influence the N recovery. Many areas within developing countries had a net N deficit in the period 1970-1995, implying that soil organic matter N depletion occured leading to high apparent N efficiency [15] . However, gradually the N inputs in the form of fertilizers, animal manure and biological N fixation have increased in most developing countries and will continue to do so in the coming three decades. Hence, agricultural systems with N deficits gradually change into systems with N surpluses, leading to growing losses of reactive N to the environment. At the same time, there is an increasing efficiency of the intensive agricultural system as a whole. It depends on the importance of each of these developments (intensification, increasing efficiency) whether the loss of reactive N will increase or decrease. Important improvement in agricultural management and technological progress resulting in increasing N fertilizer recovery were assumed in the projection for 2030 [17] . We have not accounted for further possibilities for increasing the overall system N recovery to reduce the losses of reactive N. Many technical and other options are available for reducing emissions of gaseous reactive N gases and nitrate leaching [31] . However, it is difficult to draw general conclusions with regard to the effectiveness of such reduction options. This is particularly so where reduction of one N flow in the N cascade of the agricultural system may cause an unwanted increase of another pathway.
The N recovery depends on climatic conditions (precipitation, temperature) which influence crop growth and nutrient uptake, ammonia volatilization, denitrification and leaching rates. Furthermore, efficiencies also depend on the mix of crops, since some crops have low N contents and thus inherently low N recovery. For other crops such as wetland rice it is difficult to achieve high N recoveries due to the specific conditions in inundated rice fields. The potential efficiency is, therefore, not the same for all countries.
It should be noted that the N losses calculated in this paper represent the N that is lost from agricultural production systems. The amount of N in crops, meat and milk that are consumed by the human population is perhaps only 10% of the N inputs in agriculture [32] .
Concluding remarks
In the past decades there has been rapid growth and simultaneous intensification of agricultural production in many world regions. This has led to increasing N fertilizer use from 31 Tg·yr untries.
In most industrialized countries we see a gradual increase of the overall N recovery of the intensive agricultural production systems over the whole 1970-2030 period, and a decrease of the fraction of the N inputs that are lost from the agricultural systems to the environment. However, the total volume of reactive N losses will increase more slowly in the coming decades than in the 1970-1995 time period in the industrialized co The low N input systems in many developing countries have been able to sustain a low total production volume at low levels of crop yields for many years [20] ) but at the cost of soil fertility by depleting soil nutrient pools. In the period 1970-1995 there has been rapid intensification in many developing countries, with a gradual change from agricultural systems with N depletion to production with N surpluses. The high apparent N recovery caused by soil N depletion decreased by this intensification. However, in most developing countries the N recovery will increase again in the coming decades by increasing efficiencies of N use in both crop and livestock production systems.
As a result, the fraction of N lost from the agricultural production systems in developing countries will decrease. However, due to the fast growth of total production and simultaneous intensification with increasing N inputs, the total volume of reactive N lost to the environment will increase considerably in the developing countries. All major global flows of reactive N species will increase. Annual ammonia volatilization from animal housing and N fertilizer and animal manure application will grow from 34 to 44 Tg The projection for 2030 is based on assumptions on improvement in agricultural management and technological progress resulting in increasing fertilizer N recovery rates [17] . Apart from management, the N recovery rate in agricultural systems depends on many factors, such as climate, the mix of crops, crop yields, and soil conditions. The potential N use efficiency is, therefore, not the same for all countries.
